ABSTRACT. Isotopic composition of solid and liquid portions of wet snow was investigated experimentally. The compositions changed with time, {; values of ice becoming heavier than those for water. A simple model was proposed to explain their temporal variation. It predicted, however, a more rapid change of {; values than the trend obtained in the experiments. This suggests the presence of a "diffusion layer" adjacent to growing snow particles, where isotope concentration has dropped at the ice-water interface because of the fractionation during grain coarsening. The slope in 8D-8 18 0 diagram estimated by the model is compatible with the experimental data.
INTRODUCTION
Isotope concentration in polar snow and ice is considered to be a good indicator of temperature, and many workers have reconstructed past temperature records at various places in Greenland and Antarctica by looking at the concentration change along ice cores (e.g. Dansgaard and others, 1973; Lorius and others, 1985) . This method has been extended to ice cores taken at rather warm sites where snow particles in surface layers are subjected to wet-snow metamorphism for a significant period of time.
exponential decay of fractionation with time. It is important to know how isotopic fractionation takes place during grain coarsening in wet snow.
In wet snow metamorphism, the rate of grain coarsening is much faster than in dry metamorphism (e.g. Wakahama, 1968) . This is mainly due to melting of small particles and freezing of surrounding liquid water on to large particles, and the major portion of their volume has been slowly frozen from the liquid phase at an advanced stage (Raymond and Tusima, 1979) . Isotope concentration of snow particles as well as surrounding water evolves considerably during wet-snow metamorphism, since isotopic fractionation takes place with the phase changes. Buason (1972) examined the isotopic fractionation in a melting snow column by assuming an * Present address: Institute for Hydrospheric-Atmospheric Sciences, Nagoya University, Nagoya 464-01, Japan.
This paper aims at investigating quantitatively the isotopic fractionation in wet-snow metamorphism, and at providing basic knowledge for interpretation of isotope data collected from ice cores from relatively warm areas.
NOTATION
o fractionation factor oD fractionation factor for deuterium, 1.0206 (Suzuoki and Kimura, 1973) 0 18 0 fractionation factor for 18 0, 1.0028 (Suzuoki and Kimura, 1973) 
EXPERIMENT
Sieved snow kept in a O°C chamber (a container surrounded by snow-water mixture) was mixed with an equal amount of water also stored in the chamber. The wet snow of50% water content thus prepared was bottled in 100 cc plastic containers; these were submerged in a large container of snow jam (water-rich wet snow), which was placed in the O°C chamber. The whole system was kept in a cold room at a temperature of 00 ± 2°C.
The samples were analyzed in a series of experiments. First a subs ample from a bottle was photographed under a microscope for analyzing particle size distribution. The rest of the sample was then centrifuged to separate liquid and solid portions.
Pre-experiments were conducted to determine how long the centrifuge should be operated to achieve complete separation. Wet-snow samples prepared as above were subjected to separation for certain time periods, and the water content of the resultant solid portion of each sample was measured with a calorimetric method having an accuracy of ± 1% (Akitaya, 1978) .
The water content decreased as the time period increased, as shown in Figure 1 . The scatter in water content before separation began indicates that 60-80% of the liquid water between the snow particles drained off naturally when the sample was placed in a container. By rotating the separator, most of the rest of the water was extracted from the sample. The water content of the sample stabilized at ",,3% after several minutes' rotation.
In each experimental run the liquid and the solid portions were subjected to the isotope analyses after ten minutes of separation. Their 8 18 0 values were measured using the CO 2 equilibration method (Yoshida and Mizutani, 1986) . Some portion of each sample was converted to hydrogen gas by hot uranium, and its deuterium concentration OD was measured with a mass spectrometer, Micro Mass 602E. Four experimental runs were carried out, as shown in Table 1 . In runs Band C, isotopically heavier snow from Sapporo, Japan, was mixed with lighter water prepared by melting Antarctic snow. The e1ectrical conductivity of the snow collected at Sapporo is 10-100 jlS cm-I (Suzuki, 1987) , and the Antarctic snow has conductivity of 1-lOpS cm-I. In run A, Antarctic snow was mixed with distilled and de-ionized tap water with electrical conductivity of < (6 x 10-2 ) jlS cm-I. In run D, an N aCI solution of (8 x 10-4) mol kg-I was mixed with Antarctic snow. In runs A and D, therefore, the snow was isotopically lighter than the water prepared from tap water at Nagaoka, Japan.
Ion concentration of the initial snow or water samples was highest in the NaCI solution and second highest in Sapporo snow. Raymond and Tusima (1979) found, however, that the rate of grain coarsening was not affected by the presence of impurities when their concentration was <0.01 mol kg-I. The present study also showed no discernible difference between the different runs in the temporal change of the particle size distribution, which will be discussed later. Grain coarsening of wet snow has been explained in terms of heat-flow controlled melting and refreezing determined by the curvature of particle surfaces (Raymond and Tusima, 1979) . Under an isothermal conditon at DO C, the amount of melting of relatively small particles is identical with the amount of freezing of water on to large particles.
The 8 values for the total ice portion is hence given by
(1)
Because of the fractionation of heavy isotopes during freezing,
The mass conservation law gives
From Equations (1), (2) and (3)
1
Equations (5) The calculation of the slope by Equation (7) compares favourably with those derived by regression analysis. This indicates that we would be able to estimate the change in isotopic composition through wet snow metamorphism, when we know 6' values for both the initial snow and water components. The slope given by Equation (7) is different from those derived by Souchez and Jouzel (1984-) for successive freezing of water in a closed system. 
FRACTIONA TION WITH TIME
Examples of temporal changes in Ojz and Ow are shown in was heavier than water when the experiment started, the rate of {j change was more gentle and the 0 values appeared stable after a certain period. This feature is considered reasonable, since ice should be heavier than water at the equilibrium state. Raymond and Tusima (1979) examined in detail the evolution of the particle size distribution of watersaturated snow. They proposed the following equation to represent the normalized cumulative frequency curve for the size distribution during the grain coarsening of wet snow:
where v is the volume of a particle, Vm is the median volume, and a and b are constants to be 0.23 and 1.55, respectively. It predicts zero probability for particles larger than a maximum volume of vmbJa. Equation Raymond and Tusima (1979) derived also the freezing rate S(v, t) for a particle with the volume v:
where t is time. Taking V to be the total volume and N to be the the number of snow particles in the system under consideration, the rate of increase in freezing fraction for the total snow particles is given by
since the grain coarsening takes place only for particles larger than the average grain volume, which is expressed by bv m /(1 + a) (Raymond and Tusima, 1979) . Substitution of Equations (9) and (10) into Equation (11), and performing the integration gives the following equation, taking into account that N(t) is given by
Vo where {3= (l/(l+a))l/a., -y=dvm/clt, and Vo is the initial median volume. Substitution of Equation (12) into Equations (5) 
Equation (13) is plotted in Figure 6 for deuterium and in It is found that the 0 change is more gentle in the experiment than predicted by Equation (13). This indicates that at an earlier stage, the rate is faster than the prediction, since the normalized 0 should be zero when t is zero.
DISCUSSION
Snow particles at a certain grain-size grow in an early stage but they melt out in an advanced stage, when the average grain-size becomes larger. In the model calculation these particles are assumed, when they melt, to have the same isotopic concentration as the original snow, although they consist of the original snow portion plus the however, cannot be a major cause of the discrepancy between the data and the theory found in Figures 6 and 7 , since the different combinations with initially heavier ice than water and with lighter ice than water gave similar results, as can be seen in the figures. In deriving Equation (13), the following assumptions were made implicitly.
(I) Diffusion of the heavy isotopes can be neglected in the ice matrix.
(2) Liquid portion of wet snow is isotopically homogeneous: heavy isotopes diffuse very rapidly in water.
(3) Fractionation during grain coarsening is an equilibrium process and the fractionation factor has a constant value throughout the process.
The diffusion coefficient of the heavy isotopes is of the order of 10-14 m 2 S-1 for ice at O°C (Hobbs, 1974) and of 10-9 m 2 S-1 for water near O°C (Eisenberg and Kauzmann, 1969) . The order of diffusion distance, for example, becomes 10-7 m in ice and 10-5 m in water, say in I s. The speed of displacement of the solid-liquid interface through melting or freezing of snow particles was considered, based on the experiments, as having an order of 10-4 m s-l, which is much faster than the diffusion speed in the ice matrix. The first assumption, therefore, would be a reasonable one.
In liquid water, however, the diffusion speed is almost equivalent with or even smaller than the speed of interface movement owing to the grain coarsening. Isotope concentration of the water adjacent to growing grains, therefore, would become smaller because of the fractionation at the interface. After the initial stage of grain growth, this would lead to a slower rate in the temporal change of 8 values for ice and water. The discrepancy between the data and the theory, therefore, could be due to the "diffusion layer" surrounding growing grains.
The 8 values seem to change more rapidly than predicted by Equation (13) . ' .... ...., possible explanation for the difference is that the fractionation factor may not be a constant and could be larger, at an early stage of the process, than the value used in the calculation. It might depend on curvature. The equilibrium temperature at an ice-water interface is lower than DO C when the snow particles are small, because of the curvature effect. The depression of the equilibrium temperature would decrease as the grain-size increases with time. At an early stage the fractionation factor can possibly be larger than that at a later stage, since it generally becomes large with decreasing temperature. The amount of the temperature depression caused by the curvature effect, however, is rather small, and may not be able to explain the discrepancy between the theory and the data at an early stage of the grain coarsening. Detailed study would have to be carried out to answer this question.
The model calculation of the temporal change of 8 values for both the ice portion and the liquid portion was not very successful. The estimate of the slopes for 8D -8 18 0 diagram, however, was compatible with the experimental data, as mentioned above. This is attributed to the fact that the ratio of fractionation of deuterium to that of 18 0 would not be affected by the rate of fractionation which could be controlled by the formation of the "diffusion layer" surrounding growing snow particles. Since the slope of the OD -8 18 0 diagram can be estimated from the initial 8 values of snow and water before mixing, the frozen fraction, the part of the liquid which refreezes to relatively large particles during grain coarsening, could possibly be estimated by measuring the isotopic composition, as was done by Jouzel and Souchez (1982) for regelation ice at a glacier bed, since the slope in wet snow metamorphism is different from 8, the value in evaporation-condensation process (Craig and others, 1963) .
